Background: We attempted to construct and validate novel nomograms to predict overall survival (OS) and cancer-specific survival (CSS) in patients with hepatocellular carcinoma (HCC). Methods: Models were established using a discovery set (n=10,262) obtained from the Surveillance, Epidemiology, and End Results (SEER) database. Based on univariate and multivariate Cox regression analyses, we identified independent risk factors for OS and CSS. Concordance indexes (c-indexes) and calibration plots were used to evaluate model discrimination. The predictive accuracy and clinical values of the nomograms were measured by decision curve analysis (DCA). Results: Our OS nomogram with a c-index of 0.753 (95% confidence interval (CI), 0.745-0.761) was based on age, sex, race, marital status, histological grade, TNM stage, tumor size, and surgery performed, and it performed better than TNM stage. Our CSS nomogram had a c-index of 0.748 (95% CI, 0.740-0.756). The calibration curves fit well. DCA showed that the two nomograms provided substantial clinical value. Internal validation produced c-indexes of 0.758 and 0.752 for OS and CSS, respectively, while external validation in the Sun Yat-sen Memorial Hospital (SYMH) cohort produced a c-indexes of 0.702 and 0.686 for OS and CSS, respectively. Conclusions: We have developed nomograms that enable more accurate individualized predictions of OS and CSS to help doctors better formulate individual treatment and follow-up management strategies. Keywords: surveillance, epidemiology and end results, overall survival, cancer-specific survival, decision curve analysis
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the second most deadly cause of cancer mortality worldwide according to global cancer statistics obtained in 2012, and nearly half of the total number of cases and deaths occur in China. [1] [2] [3] Improvements in treatment strategies have markedly improved the overall survival (OS) and cancer-specific survival (CSS) of HCC patients, although the long-term survival rate remains low. Many HCC patients die because of disease rather than of other causes. Factors related to prognostic predictions are based on the American Joint Committee on Cancer (AJCC) TNM staging system and the National Comprehensive Cancer Network (NCCN) guidelines. 4 However, many factors not included in TNM staging may influence the survival of HCC patients, including patient background characteristics (ie, patient age, sex, race and geographical location), tumor-related factors (tumor size, invasion and histological grade) and treatment received (surgery performed). 1, [5] [6] [7] Nomograms are reliable statistical predictive models that are used to accurately calculate and predict individual survival by combining all risk factors for tumor development. 8, 9 An increasing number of nomograms are being widely established to provide assistance in formulating individual treatment and follow-up management strategies in several cancers, such as oropharyngeal cancer, 10 gastrointestinal stromal tumors, 11 adenoid cystic carcinoma, 12 bladder cancer, 13 and prostate cancer. 14 In HCC, many nomograms have been constructed to predict recurrence-free survival and OS after liver resection, 6, 7, 15, 16 but these nomograms are all based on a single population or have been unvalidated in an external cohort. More importantly, few studies have focused on nomogram models specific to CSS in HCC patients.
To the best of our knowledge, no study has been carried out to predict prognosis using data gathered from HCC patients in the Surveillance, Epidemiology, and End Results (SEER) database.
In the present study, we aimed to establish and validate the first effective and convenient HCC nomogram model to calculate and predict OS and CSS based on clinicopathological risk factors obtained from the SEER database. Moreover, these nomogram models were validated using both an internal SEER dataset and an independent external cohort obtained from our hospital. These nomograms can guide individual treatment and follow-up management in HCC patients.
Materials and methods

Patients and study design
We downloaded clinical data related to all patients under the liver heading (Site Recode ICD-O-3/WHO 2008) in the SEER 18 registry database using SEER*Stat 8.3.5 software. The flow chart used for data selection is , "RX Summ-Surg Prim Site (1998+)", and "Grading and differentiation codes in ICD-O-2" were used in the present study. "Vital status recode" and "SEER cause-specific death classification" were used to set endpoints for OS and CSS, respectively, while patient survival time was defined using "survival months code". The inclusion criteria were as follows: diagnostic confirmation achieved based on microscopic analysis and patient background characteristics (ie, age, sex, race and marital status), tumor-related factors (tumor size, invasion and histological grade) and treatment received (surgery performed) were known and available. The exclusion criteria were as follows: death certificate or autopsy only and age <15 years. A total of 15,394 cases in the SEER cohort were included and analyzed in the present study. All HCC patients were randomly divided into a discovery set with N*q samples and an internal testing set with N*(1-q) samples (q=2/3). To further validate our results in a responsible manner, we sought an external testing cohort from Sun Yat-sen Memorial Hospital (SYMH) that included data obtained between January 1, 2009, and December 31, 2012. That dataset included 244 postoperative HCC patients (the SYMH cohort) who were recruited using the above inclusion and exclusion criteria. All diagnoses were confirmed by pathology. The data from the SEER Registry and the Sun Yat-sen Memorial Hospital were rendered anonymous.This retrospective study was reviewed and approved by the ethics committee of Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, and written informed consent was obtained from each patient. The procedure was conducted in accordance with the Declaration of Helsinki.
Nomogram construction
We validated that the clinicopathological features of the patients in the discovery and internal testing sets were well balanced (P>0.05) according to the chi-square test. We used a univariate Cox regression analysis to screen for clinicopathological risk factors for OS and CSS in the SEER discovery set. We further performed multivariate Cox regression analysis to screen for independent important factors for HCC patients without violating the PH assumption. All variables were screened using the forward stepwise selection method in a Cox multivariate analysis regression model. 17, 18 Based on the identified independent important factors, we constructed two nomograms to predict OS and CSS at 1, 3 and 5 years using R software.
Nomogram validation
We calculated concordance indexes (c-indexes) and drew calibration plots for the internal and external validating cohorts, respectively. The c-index quantified the discrimination between two random patients, with a c-index of 0.5 indicating no discrimination and 1 indicating perfect discrimination. 19 Calibration plots were constructed to validate the accuracy and reliability of the nomograms for OS and CSS by comparing the nomogram-predicted and actual survival rates determined in a Kaplan-Meier analysis with 1000 bootstrap samples. 20 
Clinical application value assessment
Decision curve analysis (DCA) was performed to identify and compare the clinical application value between the nomogram model and other clinical features by calculating the net benefits at each risk threshold probability. 21, 22 The net benefit was determined by subtracting the proportion of all false-positive results from the proportion of true-positive results and weighted by the relative harm caused by giving up treatment compared with the negative consequences of unnecessary treatments. 23 Based on the DCA, we further plotted curves to evaluate the clinical impact of the nomogram to help us more intuitively understand its significant value. Accordingly, we evaluated the number of highrisk patients and the number of high-risk patients with outcomes for OS and CSS at different threshold probabilities in a given population. 24 
Statistical analysis
The chi-square test was used to compare categorical variables. OS was defined as the time from diagnosis to the time of death from any cause or the most recent follow-up, and CSS was calculated from the date of diagnosis to the date of HCC-related death or the most recent follow-up. Kaplan-Meier survival curves were used to compare OS and CSS among different groups, and survival differences were assessed by a two-sided log-rank test in R version 3.3. 
Results
Study flowchart and basic clinical characteristics
The study flowchart is presented in Figure 1 . A total of 15,394 HCC patients were included in the study and randomly divided into a discovery set (n=10,262) and an internal testing set (n=5,132). Patient clinicopathological features in the discovery and internal testing sets are shown in Table S1 . There were no significant differences between the two sets (P>0.05, Table S1 ). The detailed clinical characteristics of patients in the SYMH cohort (n=244) are shown in Table S1 . The median ages (interquartile range) of the patients in the SEER discovery set, the internal testing set, the entire SEER cohort and the SYMH cohort were 63 ( Figure S1 .
Independent significant factors in the discovery set
To further identify the candidate predictors of OS and CSS, we evaluated all clinicopathological features by Cox proportional hazards regression analysis. Univariate analysis of the Cox regression was performed in 10,262 patients in the discovery set. All clinicopathological features, including age, sex, marital status, race, histological grade, tumor size, surgery performed, and TNM stage, affected OS (Table S2 ).
Multivariate regression analysis was performed on the 8 factors that were shown to significantly affect OS, and all 8 factors were independent prognostic predictors of OS ( Figure 2 ). Similarly, the univariate analysis showed that all evaluated clinical indexes were associated with CSS. In the multivariate analysis, sex, marital status, histological grade, tumor size, surgery performed, and TNM stage were the 6 independent significant factors that predicted CSS ( Figure 2 ). OS and CSS curves stratified by these independent prognostic factors showed significant differences among the groups, as shown in Figures S2 and S3. 
Prognostic nomograms for OS and CSS
Based on the independent prognostic factors identified in the multivariate Cox regression analysis, two nomograms were developed to predict 1-, 3-, and 5-year OS ( Figure 3A ) and CSS ( Figure 3B ) in HCC patients. The point assignments and prognostic scores A B Figure 3 Nomograms for predicting the 1-, 3-and 5-year probabilities of (A) OS and (B) CSS in patients with HCC in the SEER discovery set. All the points identified on the top scale for each factor were added to generate a total score. The total points projected on the bottom scale were used to determine the probabilities of 1-, for every variable involved in the score models are shown in Table S3 .
Performance of the nomograms in the discovery set
All indexes in the nomograms and other single factors in all cohorts are listed in Table 1 Figure 5A and B). Based on risk stratification, in the low-, intermediate-and high-risk subgroups, the 1-year OS rates were 85.59%, 52.78%, and 20.57%, the 3-year OS rates were 63.72%, 22.64%, and 4.38%, the 1-year CSS rates were 90.69%, 59.95%, and 23.39%, and the 3 year CSS rates were 75.23%, 31.18%, and 6.88%, respectively.
Validation of the OS and CSS nomograms
The c-index for the OS prediction nomogram was 0.758 (95% CI, 0.746-0.770) in the SEER testing set, which was higher than the c-indexes for the TNM stage, grade and tumor size ( Table 1 ). The c-index for CSS prediction was 0.752 (95% CI, 0.740-0.764) in the SEER testing set, which was higher than the c-index for any of the three single factors (Table 1) . Likewise, the c-index for the OS prediction nomogram was 0.702 (95% CI, 0.647-0.757) in the SYMH cohort, which was higher than the c-indexes for TNM stage, grade and tumor size ( Table 1 ). The curves for 1-and 3-year OS and CSS were generally well calibrated in the SEER testing set ( Figure 4C and D) and the SYMH cohort ( Figure 4E and F). Kaplan-Meier curves for OS and CSS in the low-, intermediate-and high-risk subgroups were plotted for the SYMH cohort ( Figure 5C and D) , and the results showed that the high-risk subgroups had the worst OS and CSS in the validation cohort.
Assessment of the value of the nomograms as clinical applications
The DCA results of the nomograms and other indexes (ie, histological grade, TNM stage and tumor size) are presented in Figure 5 . The results showed that the nomogram indicated a better net benefit after 1 and 3 years than that achieved for the other indexes for predicting OS ( Figure 5E and F) and CSS ( Figure 5H and I) in the discovery set. Based on these results, we plotted additional curves for the clinical impact of the nomograms to help us more intuitively evaluate its significance. The OS nomogram showed that cost/benefit ratios were lower when the risk threshold was <0.7 ( Figure 5G ), while the CSS nomogram showed that cost/benefit ratios were lower when the risk threshold was <0.6 ( Figure 5J ) in the discovery set. Therefore, based on the DCA, the nomograms provided more net benefits for predicting OS ( Figure S4A and B) and CSS ( Figure S4C and D) in the testing set. Similarly, the nomograms had a stronger clinical impact in all validation sets including the SEER database and SYMH cohorts ( Figure S4E and H).
Discussion
HCC is one of the most common cancers and the leading cause of cancer-related deaths worldwide, accounting for more than half of all cases and deaths in China. 3, 25 Thus, more precise treatment guidelines and follow-up management strategies are urgently needed for HCC patients. Nomogram models are statistical tools that can meet these requirements. Shim et al established and validated predictive nomograms with c-indicex of 0.69 based on data obtained from 1,085 patients with early-stage HCC who underwent curative resection in Asan Liver Center. 7 He et al developed and validated a nomogram that predicted survival after recurrence in HCC patients with a high c-index of 0.797. 15 However, previous studies on OS and CSS in HCC patients have been limited by a number of factors, such as single-center datasets, small sample sizes, and a lack of external validation.
In the present study, we identified several conventional factors including age, sex, race, marital status, histological grade, TNM stage, tumor size, and surgery performed that significantly affected OS. Histological grade (undifferentiated) (HR=1.920, 95% CI=1.608-2.292, P<0.001) and TNM stage (stage IV) (HR=1.920, 95% CI=1.804-2.378, P<0.001) resulted in higher HRs than did other variables in the multivariate regression analysis. TNM stage has been regarded as the most important factor for predicting OS, 4 and the staging system has been considered valuable for predicting survival in patients after liver transplantation. 4, 26 Interestingly, we found that being married was associated with a better prognosis of HCC (HR=0.9 and 0.822 relative to the OS and CSS of unmarried patients, respectively), which is consistent with the results of many other studies.- 27, 28 Married patients with small intestinal adenocarcinoma have better OS and CSS than unmarried patients.
Psychological and economic support from spouses may contribute to improvements in survival in married patients. 29 A novel nomogram model that included age, tumor size, margin status and vascular invasion and alpha-fetoprotein (AFP) levels performed well in predicting prognosis in HCC patients after liver resection. 30 Another interesting study found that a tumor size greater than 2 cm, multifocal tumors, and vascular invasion were three independent predictors of poor survival in patients with early-stage HCC after surgery.- 31 However, the effectiveness and accuracy of our OS prediction nomogram was better than that achieved using TNM stages (c-index, 0.753 vs 0.555) in the SEER discovery set. Additionally, the results obtained using our nomograms are more reasonable than those obtained used the universally acknowledged TNM stage and provide a prognostic estimate that can predict individual results. For example, imagine two HCC patients: X and Y. They have the same sex (male; 9 points) and TNM stage (II, 13 points), but different ages and histological grades, with one patients being 45 years old (0 point) and having a well-differentiated tumor (0 point) and the other being 75 years old (26 points) and having an undifferentiated tumor (56 points). However, both patients are stratified into stage II disease based on the TNM staging system, which is associated with specific outcomes. As has been widely acknowledged, these two patients will probably have different prognoses, but the question regarding how to quantify these prognoses remains unresolved. Calculating the total scores of these patients individually is simple according to our OS prediction nomogram: patient X has 22 points, while patient Y has 104 points. Most of the predictive factors included in our models were the same as those included in other well-accepted models (ie, age, sex, marital status, histological grade, and TNM stage), 30, 31 but our data included a larger and worldwide sample, which allowed us to estimate the contribution of additional factors and to build independent nomogram models for OS and CSS at cutoff points of 1, 3 and 5 years. However, neither risk stratification nor discrimination could be used associate the clinical consequences of fixed discrimination or calibration. Therefore, using DCA, we evaluated whether nomogram-based medical decisions and strategies could improve patient prognoses to show the clinical value of the nomograms, 23, 24 even though many other clinical predictive models ignore this factor. We showed that our nomograms add more benefit when used to predict OS and CSS. Huang et al revealed EXT2, ETV5, and CHODL as independent prognostic factors of HCC by univariate and multivariate Cox analyses from a public database and established a novel nomogram by integrating the three molecular proteins and the TNM staging system, which displayed good performance in predicting long-term prognosis in HCC patients. They focused on the correlation between the expression of molecular markers and patient prognosis. However, we used a large population from the international SEER database to avoid heterogeneity among different medical centers and used the variables that are available and easily obtainable in clinical practice to construct our nomogram models. 32 Adhoute et al found that the Barcelona Clinic Liver Cancer (BCLC) nomogram and the NIACE score provided the best prognostic information, but the NIACE could even help treatment strategies because of the low Akaike's information criterion (AIC) value in a large French HCC cohort. Interestingly, they focused on several current common staging systems and compared their prognostic prediction abilities. In particular, the authors reassigned detailed and accurate scores of risk factors in the BCLC staging system using the nomogram model, whereas our study mainly focused on mining and building a new prognostic staging system based on clinical factors from a worldwide cohort. 33 The present study has several merits that should be noted. First, a large population from the international SEER database was used to avoid heterogeneity among different medical centers. The results were also externally validated using the SYMH cohort. Second, the variables included in the nomogram models are available and easily obtainable in routine clinical practice. Third, using DCA, we plotted curves for the clinical impact of the nomograms, and this helped us to more intuitively understand the significant value of the nomograms in a clinical setting. Nevertheless, several potential limitations should also be noted. First, this is a retrospective study. Second, we only analyzed common prognostic factors, while blood and inflammation indicators were not used in multivariable survival analyses. Third, there is a possibility that residual confounding occurred after internal validation as a consequence of overfitting from variables and selection of threshold. However, we performed bootstrapping during internal testing and external validation. Fourth, the BCLC stages were not recorded in the SEER database; thus, we could not compare different outcomes from our nomogram model with those using the BCLC staging system. In the future, we will optimize the model by combining prognostic factors in our study with chronic liver disease condition, other interventions and the severity of liver dysfunction in HCC patients from multicenter cohorts in China.
Conclusions
In conclusion, based on the clinical risk factors identified in a large population-based cohort, we established practical prognostic nomograms that can objectively and accurately predict long-term OS and CSS in HCC around the world. Moreover, the internal and external cohort validation results demonstrate that these nomograms perform very well and have high accuracy and reliability. Our nomograms were demonstrated to be clinically useful based on a DCA and should therefore help clinicians improve individual treatment, make clinical decisions and guide follow-up management strategies in HCC patients. Figure S1 OS and CSS in the entire SEER cohort. 
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